The incidence of myelodysplastic syndromes increases with age and a high prevalence of co-morbid conditions has been reported in these patients. So far, risk assessment in myelodysplastic syndromes has been mainly based on disease status. We studied the prognostic impact of comorbidity on the natural history of myelodysplastic syndrome with the aim of developing novel tools for risk assessment. The study population included a learning cohort of 840 patients diagnosed with myelodysplastic syndrome in Pavia, Italy, and a validation cohort of 504 patients followed in Duesseldorf, Germany. Information on comorbidity was extracted from detailed review of the patients' medical charts and laboratory values at diagnosis and during the course of the disease. Univariable and multivariable survival analyses with both fixed and timedependent covariates were performed using Cox's proportional hazards regression models. Comorbidity was present in 54% of patients in the learning cohort. Cardiac disease was the most frequent comorbidity and the main cause of nonleukemic death. In multivariable analysis, comorbidity had a significant impact on both non-leukemic death (P=0.01) and overall survival (P=0.02). Cardiac, liver, renal, pulmonary disease and solid tumors were found to independently affect the risk of non-leukemic death. A time-dependent myelodysplastic syndrome-specific comorbidity index (MDS-CI) was developed for predicting the effect of comorbidity on outcome. This identified three groups of patients which showed significantly different probabilities of non-leukemic death (P<0.001) and survival (P=0.005) also in the validation cohort. Landmark survival analyses at fixed time points from diagnosis showed that the MDS-CI can better define the life expectancy of patients with myelodysplastic syndrome stratified according to the WHO-classification based Prognostic Scoring System (WPSS).Comorbidities have a significant impact on the outcome of patients with myelodysplastic syndrome. Accounting for both disease status by means of the WPSS and comorbidity through the MDS-CI considerably improves risk stratification in myelodysplastic syndromes.
Introduction
Myelodysplastic syndromes (MDS) represent one of the most common hematologic malignancies in Western countries. 1 Their annual incidence increases dramatically with age, from 0.4 cases per 100,000 under the age of 30 to about 40 cases per 100,000 population over the age of 65. [2] [3] [4] These figures might nevertheless underestimate the real incidence of myelodysplastic syndromes, as a recent study conducted within US Medicare beneficiaries aged 65 years or more calculated an incidence of 162 per 100,000 for 2003, 5 yielding a total of 45,000 new cases per year in the US.
Myelodysplastic syndromes are heterogeneous disorders ranging from indolent conditions with a near-normal life expectancy to forms approaching acute myeloid leukemia (AML). 1 The World Health Organization (WHO) classification of myeloid neoplasms 6 represents a very useful tool for defining the different subtypes, and also provides prognostic information. 7 In fact, unilineage dysplasia is associated with a better prognosis compared with multilineage dysplasia, while the presence of excess blasts involves a worse prognosis. netic abnormalities, and number of cytopenias. The IPSS has been used widely in clinical decision-making and clinical trials, and also by the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) in their approval of novel drugs for myelodysplastic syndromes. However, the IPSS does not consider the severity of anemia and transfusion requirement, which are definitely associated with reduced survival in myelodysplastic syndromes. 1, 5, 7, [11] [12] [13] To overcome this limitation, we developed a prognostic model that accounts for the WHO categories, cytogenetics and transfusion dependency. 11 This WHO classification-based prognostic scoring system (WPSS) is able to classify patients into five risk groups with different survival and probability of leukemic evolution. More importantly, it predicts survival and leukemia progression at any time during follow up and can, therefore, be used for implementing risk-adapted treatment strategies.
Older age per se has a negative impact on survival of MDS patients, in particular of those with low disease-related risk. 7, 10, 11 However, age indirectly affects also the survival of high-risk patients by limiting their eligibility to intensive treatments. 14, 15 In addition, aging is associated with an increasingly high risk of developing comorbidity, 16 and a high prevalence of co-morbid diseases has indeed been reported in MDS patients. 5, [17] [18] [19] Clearly, there is a need of properly assessing co-morbid conditions in MDS patients, in both clinical practice and clinical trials.
In 1987, Charlson et al. developed and validated a method for classifying comorbid conditions for use in longitudinal studies, defining the Charlson comorbidity index (CCI). 20 More recently, Sorror et al. 21 analyzed those chronic medical conditions that predict the risks of non-relapse mortality after allogeneic stem cell transplantation, and developed a hematopoietic cell transplantation (HCT)-specific comorbidity index (HCT-CI) that was shown to be a valuable predictor of transplantation outcomes in patients with acute myeloid leukemia or myelodysplastic syndromes. 22, 23 The HCT-CI has been found to have prognostic relevance also in myelodysplastic syndrome patients receiving best supportive care 17, 19 in whom it can capture more comorbidities than the CCI. Nonetheless, both tools have been developed in different clinical settings, and this may considerably limit their usefulness in the general MDS population. As highlighted by Geraci et al. 24 the currently available scoring models reflect the common observation that the overall survival of patient populations decreases as the burden of comorbid illness increases, but generally fail to provide information on the underlying mechanisms, e.g. on how a given comorbidity leads to reduced survival.
In this work, we studied the prevalence of comorbidity in myelodysplastic syndrome patients and its relationship with demographic and disease-related factors. We later developed a disease-specific comorbidity index and integrated it with an improved MDS-based prognostic assessment.
Design and Methods

Patients' characteristics and clinical procedures
These investigations were approved by the local Ethics Committees (Pavia, Italy, and Duesseldorf, Germany), and the procedures followed were in accordance with the Helsinki Declaration of 1975, as revised in 2000.
The patient population comprised a "learning cohort" the analysis of which was aimed at defining the set of variables to be included in the prognostic model and their weighted scores, and a "validation cohort", in which the prognostic value of the scoring system was to be confirmed. 21 was adopted ( Table 2 ). The CCI 20 and the HCT-CI 21 were calculated according to the original reports. 17 In the learning cohort, data were available for all 840 patients at the time of diagnosis, while information on comorbidity changes with time was available on 725 patients. In the testing cohort, data were available for all 504 patients at the time of diagnosis, while information on comorbidity changes with time was available on 192 patients.
Statistical analysis
Numerical variables are summarized by median and range; categorical variables are described with count and relative frequency (%) of subjects in each category. Comparison of numerical variables between groups was carried out using a non-parametric approach (Mann-Whitney test or Kruskall Wallis ANOVA).
Comparison of the distribution of categorical variables in different groups was performed with either Fisher's exact test (2x2 tables) or the χ 2 test (larger tables). Survival analyses were performed with the Kaplan-Meier method. Overall survival (OS) was defined as the time (in months) between the date of diagnosis and the date of death (for cases) or last follow up (for censored patients). Leukemia-free survival (LFS) was defined as the time (in months) between the date of diagnosis and the date of leukemic transformation (for cases) or last follow up (for censored patients). When estimating the occurrence of non-leukemic death (NLD), only deaths for all causes except leukemic evolution were considered as events. Patients who underwent allogeneic transplantation or acute myeloid leukemia (AML)-like chemotherapy were censored at the time of the therapeutic procedure. Where available, clinical variables were analyzed as time-dependent risk factors.
Univariable and multivariable survival analyses with both fixed and time-dependent covariates were performed by means of Cox's proportional hazards regression models. To decide which parameters of the covariates (categoric, with indicator variables, vs. continuous, with a single parameter) was preferable, we carried out likelihood ratio (LR) tests, none of which were significant. Therefore, we decided to treat all covariates as continuous variables to simplify presentation of the results. Cumulative hazard was estimated with the Aalen-Nelson method. In order to compare different statistical models, we used the LR test and the Akaike information criterion (AIC), 29 which allows the evaluation of a model by combining goodness of fit and complexity, a lower AIC indicating a better trade-off between fit and complexity.
Landmark analyses were carried out to illustrate the effect of time-dependent prognostic factors. 30 A landmark analysis consists in carrying out a survival analysis in which follow up is set to start some time (namely, the landmark time) after the initial time of entry in the study. This implies that only patients who have survived up to the landmark time point are included in the analysis. The time-dependent risk factors are evaluated at the landmark time point and analyzed as fixed covariates.
Analyses were performed using Statistica 7. 
Results
Prevalence of comorbidity in MDS patients and its relationship with demographic and disease-related factors
One or more comorbidities were present at diagnosis in 455 out of 840 (54%) patients in the learning cohort ( Table  2) . Cardiac disease, found in 25% of patients, was the most frequently observed comorbidity. A significant association was found between age and comorbidity, whose prevalence ranged from 29% in patients under the age of 50 to 71% in those over the age of 75 (P<0.001).
By applying univariable Cox's regression analysis, the presence of comorbidity at diagnosis significantly affected overall survival (HR 1.51, P=0.001) and probability of nonleukemic death (HR 2.05, P<0.001), while no effect was noticed on leukemia-free survival (HR 0.87, P=0.38). The main causes of non-leukemic death included cardiac failure (63%), infection (23%), hemorrhage (7%) and hepatic failure (4%). There was a significant difference in prevalence of non-leukemic death among WHO subgroups, ranging from 85% of total deaths in RA/RARS to 25% in RAEB-2 (P<0.001), and increased with age, from 43% in patients under the age of 50 to 76% in those over the age of 75
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Comorbidity Definition Prevalence
Cardiac Arrhythmia* 7% Heart valve disease** 2% Coronary artery disease *** or myocardial infarction 8% 25%
Congestive heart failure or ejection fraction ≤50% 19% Cerebrovascular Transient ischemic attack and/or ischemic or hemorrhagic cerebrovascular accident 5% Mild to moderate DLCO and/or FEV1 66%-80% or dyspnea on moderate or slight activity 3% pulmonary Severe pulmonary DLCO and/or FEV1 ≤65% or dyspnea at rest or requires oxygen 2% Mild hepatic **** Chronic hepatitis, persistent bilirubin > ULN to 1.5 x ULN or AST/ALT > ULN to 2. Two-hundred and three patients (24%) developed comorbidity during follow up, the occurrence of cardiac disease representing the most frequent event (39%). In multivariable analysis with time-dependent covariates, the onset of comorbidity at any time during the clinical course had a significant effect on overall survival (HR=1.51, P=0.01) and risk of non-leukemic death (HR=2.29, P<0.001).
Prognostic effect of currently available comorbidity indices and development of an MDS-specific comorbidity index (MDS-CI)
We calculated the HCT-CI and CCI in the learning cohort at the time of diagnosis. In multivariable analysis including age, sex, WHO category, cytogenetics and transfusiondependency, the CCI did not show any significant effect on the risk of non-leukemic death and overall survival (P=0.13 and P=0.11, respectively), while the HCT-CI showed a borderline effect on the risk of non-leukemic death (HR 1.32, P=0.064) and no effect on overall survival (HR 1.18, P=0.10) .
In order to define the MDS-CI, we performed multivariable Cox's survival analyses with fixed and time-dependent covariates in the learning cohort, including all the comorbidities that were found to have a significant effect on nonleukemic death in univariable analysis (cardiac disease, diabetes, cerebrovascular disease, moderate-to-severe hepatic disease, severe pulmonary disease, renal disease and solid tumor; HR 2.49-4.82, P values ranging between 0.018 and <0.001). Cardiac disease (HR 3.57, P<0.001), moderate to severe liver disease (HR 2.55, P=0.01), severe pulmonary disease (HR 2.44, P=0.005), renal disease (HR 1.97, P=0.04) and solid tumors (HR 2.61, P<0.001) were found to independently affect the risk of non-leukemic death, while diabetes and cerebrovascular disease did not retain their prognostic value. As shown in Table 3 , each comorbidity was assigned a score proportional to the regression coefficient of the multivariable Cox's proportional hazards model. The MDS-CI score was calculated as the sum of these weighted scores, and then categorized into three risk groups: low (score equal to 0), intermediate (score equal to 1 or 2), and high risk (score equal to 3 or higher).
In the learning cohort, 546 (65%) patients were classified as low, 244 (29%) as intermediate, and 50 (6%) as high risk at diagnosis. The MDS-CI risk groups showed significantly different probabilities of overall survival (P<0.001) and nonleukemic death (P<0.001) ( Figure 1A ). In multivariable analysis considering age, sex, WHO categories, cytogenetics and transfusion-dependency, the MDS-CI maintained a significant effect on both non-leukemic death (HR 1.89, P<0.001) and overall survival (HR 1.67, P<0.001). We carried out the same multivariable analysis without censoring follow up at the time of therapeutic intervention (14% of patients in the learning cohort received erythropoiesis stimulating agents, 1% received immunosuppressive therapy, 4 patients received lenalidomide, 8% received low-dose chemotherapy, 5% underwent AML-like chemotherapy at the time of leukemic evolution, 4% underwent allo-stem cell transplantation, while no patient received treatment with hypomethylating agents). In this model, the MDS-CI retained a significant effect on both non-leukemic death (HR 1.81, P<0.001) and overall survival (HR 1.62, P<0.001).
We then evaluated the effect of changes over time of the MDS-CI by time-dependent Cox's survival analyses. Longitudinal data on comorbidity were available for 725 patients. To exclude potential selection bias, we compared the repeated-measures cohort and patients evaluated at diagnosis only, and found no statistically significant difference in characteristics at diagnosis and overall survival. In univariable analysis, the MDS-CI significantly affected the risk of non-leukemic death (HR 2.80, P<0.001) and overall survival (HR 1.92, P<0.001) ( Figure 1A and B) . These results were confirmed in multivariable analysis, including age, sex, WHO categories, cytogenetics and transfusion-dependency as time-dependent covariates (NLD: HR 2.89, P<0.001; overall survival: HR 2.41, P<0.001).
Finally, we calculated the risk of progression to a higher MDS-CI category during the course of the disease. The cumulative hazard of MDS-CI progression was 0.32 for the whole MDS population. A significantly higher risk of MDS-CI progression was found in transfusion-dependent compared with transfusion-independent patients (cumulative hazard: 0.71 vs. 0.09, P<0.001) (Figure 2 ).
Table 3. Calculation of the MDS-specific comorbidity index (MDS-CI).
The five comorbidities listed were found to be independently associated with the risk of NLD in multivariable analysis, and each of them was assigned a score proportional to the regression coefficient of the multivariable Cox's proportional hazards model. This score is taken into account if the specific comorbidity is present, and the MDS-CI is obtained as the sum of individual variable scores. 
Comorbidity
Validation of MDS-CI
The prognostic value of MDS-CI was tested in an independent cohort of 504 patients diagnosed at the HeinrichHeine-University Hospital, Dusseldorf, Germany. A significant difference between the learning and validation cohorts was found in age (median age 73 years in the German vs. 66 years in the Italian cohorts, P<0.001) as well as in WPSS subgroups, with a higher proportion of higher risk patients in the validation cohort (P<0.001). These differences resulted in Italian patients having a better survival (P=0.001). A significantly higher prevalence of cardiac (39% vs. 25%, P<0.001) and severe pulmonary disease (9% vs. 2%, P<0.001) was found in the validation as compared to the learning cohort.
At diagnosis, 245 out of 504 (49%) patients of the validation cohort were classified as low-risk, 194 (38%) as intermediate-risk and 65 (13%) as high-risk according to the MDS-CI, with a significantly higher proportion of high-risk patients compared to the learning cohort (P<0.001). The MDS-CI risk groups showed significantly different probabilities of overall survival (P=0.005) and non-leukemic death (P<0.001). In multivariable analysis, MDS-CI showed an independent negative effect on both non-leukemic death (HR 1.44, P<0.001) and overall survival (HR 1.30, P<0.001).
We next evaluated the effect of changes over time of the MDS-CI through time-dependent Cox's survival analyses. Longitudinal data on comorbidity were available for 192 patients. No significant differences in the clinical characteristics at diagnosis and in overall survival were found between the repeated-measures cohort and patients evaluated at diagnosis only. In univariable analysis, the MDS-CI significantly affected the risk of overall survival (HR 2.09, P<0.001) and non-leukemic death (HR 2.46, P<0.001) ( Figure 1C and D) . These effects were maintained in multivariable analysis (NLD: HR 1.49, P<0.001; OS: HR 1.31,
P<0.001).
A comparison of hazard ratios obtained for overall survival and non-leukemic death in the learning and in the validation cohort showed no relevant differences. This was confirmed by a multivariable analysis on the pooled dataset in which there was no significant difference in the effect of the MDS-CI on patient outcome between the two cohorts.
Risk stratification of MDS patients based on both disease status and extra-hematologic comorbidities
In order to verify whether the comorbidity assessment provided by the MDS-CI could improve the WPSS prognostic stratification of myelodysplastic syndrome patients, we fitted two separate multivariable Cox's time-dependent analyses including age, sex and WPSS category as covariates with and without MDS-CI, respectively, and compared Based on the above observations, we analyzed the interaction between WPSS and MDS-CI in order to establish whether the effect of MDS-CI varied in the WPSS subgroups. The likelihood ratios test resulted statistically significant (P<0.001), thus confirming a different effect of MDS-CI in the WPSS subgroups. We, therefore, carried out stratified time-dependent Kaplan Meyer survival analyses of overall survival in order to assess the prognostic effect of MDS-CI in the five WPSS categories. Patients with very low and low risk were pooled together in a single group because of the small number of patients with high MDS-CI in the WPSS very low risk group. The MDS-CI had a significant effect on overall survival in the very low/low and in the intermediate WPSS risk subgroups (P<0.001 in both analyses) ( Figure 3A and B, respectively). In the high and very high WPSS risk categories, no significant difference was found among the three MDS-CI risk groups ( Figure 3C and D). However, a significant effect was observed when the low and intermediate MDS-CI risk were pooled in a single group and compared to the high risk group (P=0.04 and P=0.03 in high and very high WPSS group, respectively). The landmark analysis at fixed time points from the diagnosis (6, 12, 24, 36 and 60 months) reported in Table 4 describes probability of survival of patients who have survived up to these time points according to their current WPSS risk and MDS-CI.
Discussion
The findings of this study clearly indicate that comorbidity is very common in myelodysplastic syndrome patients and has a significant impact on their clinical outcome. By combining the effect of five comorbidity factors, we developed a dynamic MDS-CI that proved to be capable of identifying three groups of MDS patients with different probabilities of non-leukemic death and survival, both in the learning and the validation cohort. In addition, the MDS-CI significantly stratified the prognosis of patients classified into WPSS risk groups. Although the retrospective nature of the analysis implies that comorbidity was not uniformly and systematically assessed, possibly leading to an underestimate of its prevalence and changes in time, 24 the very fact that the prognostic value of comorbidity was confirmed in a different patient cohort supports the reliability of our findings.
In order to define the prognostic impact of comorbidity in myelodysplastic syndromes, we initially used two available indices, i.e. the CCI 20 and the HCT-CI, 21 and found that neither of these two scores adequately stratified untreated MDS patients. In fact, the CCI has been developed in a different clinical setting, most of the comorbid conditions included in the CCI are rarely observed in myelodysplastic syndromes and the weights assigned to each comorbidity in this score do not account for possible interactions with disease-specific clinical features. The HCT-CI was originally developed to predict the outcome of patients receiving allogeneic transplantation and is, therefore, unlikely to be equally effective in a more heterogeneous population of patients. 18, 24 We adopted the same clinical definition of haematologica | 2011; 96(3) Figure 3 . comorbidities as in the HCT-CI, but generated a dynamic MDS-CI aimed at predicting survival and probability of non-leukemic death in MDS patients who did not receive disease-modifying treatments. We selected the comorbidities to be included in the score on the basis of a multivariable regression in order to account for a possible association between different clinical conditions. The obtained score is a linear combination of five clinical conditions, and identifies three risk groups with significantly different probabilities of overall survival and non-leukemic death. The prognostic value of the MDS-CI was validated in a large independent group of patients. Patients included in this German cohort were found to have a worse outcome with respect to Italian patients, mainly due to older age and higher disease risk. Significant differences in comorbidity prevalence were also noticed, but despite these discrepancies, the three MDS-CI risk groups showed significantly different probabilities of non-leukemic death and overall survival in the validation cohort as they did in the learning cohort. In multivariable analysis, hazard ratios between MDS-CI groups were comparable in size between the two cohorts, suggesting that the prognostic value of the score is reproducible in different patient populations.
The findings of this study indicate that the MDS-CI improves the prognostic stratification of patients classified according to the WPSS, and provide a rational basis for integrating WPSS and MDS-CI in clinical decision making in myelodysplastic syndromes. The MDS-CI significantly affected overall survival and probability of non-leukemic death in patients with very low, low and intermediate WPSS risk, 11 while it did not retain a significant effect in high-risk patients. Using a competitive risk approach, we previously showed that non-leukemic death represents the leading cause of death in low-risk subgroups, while the risk of leukemic death significantly exceeds that of nonleukemic death in high-risk patients. 18 Taken together, these observations suggest that comorbidity has a different clinical significance in MDS subgroups. In low-risk patients, comorbidity affects the natural history of myelodysplastic syndromes by directly increasing the risk of death. In highrisk patients, the clinical relevance of mild or moderate comorbidity is overcome by the severity of the myelodysplastic syndrome. In these patients, however, comorbidity influences the outcome by limiting both eligibility to treatments and treatment tolerance. 21, 22 As a consequence, the implementation of comorbidity assessment into clinical practice requires the combined use of different scores. MDS-CI and HCT-CI are based on the same classification of comorbidities and may be used in a complementary manner to estimate the impact of comorbidity on the natural course of the disease and on the outcome after allogeneic transplantation, [31] [32] [33] respectively, thus providing the information for a proper evidence-based evaluation of the risk-benefit related to the transplantation choice.
The prognostic relevance of comorbidity may have important implications in the management of myelodysplastic syndromes, as schematically illustrated in Figure 4 . In patients with very low and low WPSS risk, who are not candidates for disease-modifying therapies, assessment of comorbidity is essential for defining individual follow-up schedules as well as optimizing supportive care. Among these patients, life expectancy of subjects with isolated erythroid lineage dysplasia aged 70 years or older is not significantly shorter than that of the general population. 7 We and others recently reported that treatment of anemia in myelodysplastic syndromes with erythropoietin in selected patients has a positive impact on outcome, 35, 36 suggesting that preventing or adequately treating symptomatic anemia in myelodysplastic syndromes may result in a survival benefit. Once symptomatic anemia occurs, in patients with clinically relevant comorbidity and in particular cardiac disease, an optimal management is mandatory in order to limit the negative interaction between anemia and cardiac disease.
The additional risk of comorbidity should be carefully considered when planning delayed treatment strategies in patients belonging in the low WPSS risk groups. 22, 37 In fact, patients developing a regular transfusion requirement had a significantly higher risk of developing comorbidity, whose 15 These observations reinforce the notion that transfusion-dependency should be considered a major parameter to define the timing of intervention in low-risk MDS patients. 35 Finally, the integration of WPSS and MDS-CI could be useful in designing clinical trials in myelodysplastic syndromes, in particular when patients classified into higher WPSS risk groups are tested for potential disease-modifying treatments. 38 So far, clinical trials have provided little information on comorbidity, as only 20-40% of all phase II and III clinical trials enroll patients aged 65 years or older. 39, 40 As a consequence, clinicians are provided with a weak base of evidence when applying the results of clinical trials to patients with comorbidity, as elderly MDS patients usually are.
In conclusion, MDS-CI is a dynamic index that adds valuable information to help us predict the outcome of MDS patients. In combination with the WPSS as described in this paper, it may allow clinicians to improve patient information and clinical decision-making, and clinical investigators to design better clinical trials in myelodysplastic syndromes. It should be noted that we have recently shown that in MDS patients hemoglobin levels lower than 9 g/dL in males and 8 g/dL in females are independently related to reduced overall survival. 34 Thus, severe anemia in MDS can be defined as a hemoglobin level below these thresholds.
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